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a b s t r a c t
Tidal-ﬂats play important roles in oceanic nitrogen (N) cycles. Particularly, N loss in the tidal-ﬂats
depends on soil texture and yet the dominant N removal mechanism in relation to soil texture is not
clear. Therefore, the objective of this study was to investigate the effect of soil texture on NO3-N removal
and transport in texturally contrasting tidal-ﬂats of the western coast of Korea [Gangwha (GH, silt) and
Saemangeum (SMG, loamy sand) sites]. To interpret the experimental results, we compared the time-
course patterns of NO3-N disappearance during incubation under intertidal and subtidal conditions and
the patterns of breakthrough curves (BTCs) of NO3-N with a conservative tracer (Br) during miscible
displacement experiment. Nitrate disappearance by denitriﬁcation was negligible for SMG soils, but was
1.6 and 2.3 mg N kg1 soil day1 under intertidal and subtidal conditions for GH soils, respectively.
The BTCs of NO3-N and Br were identical and followed Gaussian distributions in SMG tidal-ﬂats, while
those obtained for GH tidal-ﬂats were broad and asymmetrical. Calculated Pêclet number of Br in
seawater matrix by ﬁtting the CXTFIT model to the measured BTCs was 45.03 for SMG and 4.93 for GH
tidal-ﬂats, indicating dominance of advection over dispersion for the former, and vice versa for the latter.
From a mass balance of NO3-N, nearly all of the added NO3-N (38.8 mg) was recovered in the efﬂuents
with a slight unaccounted-for portion (2.8 mg) in SMG system, indicating the possibility of an intense
off-shore NO3-N discharge (leaching) from the tidal-ﬂats. In contrast, a considerably large amount
(27.0 mg) of added NO3-N was not recovered in GH system but nearly one-third (13.5 mg) was
recovered in the efﬂuents, suggesting that denitriﬁcation dominates over off-shore discharge in NO3
-N
removal. Our results showed that the patterns of NO3-N removal was different depending on soil texture
of the tidal-ﬂats and that a dominant mechanism of NO3-N removal was denitriﬁcation in GH tidal-ﬂats
and was off-shore discharge in SMG tidal-ﬂats. Therefore, NO3
-N removal characteristics of tidal-ﬂats
should be predetermined for site-speciﬁc management of waste water N loadings to coastal water
systems.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction
Increasing N fertilizer application (Jordan and Weller, 1996) and
livestock waste production (Sims and Wolf, 1994) has threatened
coastal ecosystem health by ﬂuvial NO3 discharge to coastal tidal-
ﬂats. Nitrate (NO3) is one of the major pollutants that cause coastal
eutrophication and water quality degradation. Coastal tidal-ﬂats can
either function as ﬁlters removing particulate materials, as sinks
accumulating nutrients, or as transformers converting nutrients to
different forms such as gaseous compounds of N and C (Yoo et al.,
2006; Ramsar Convention Secretariat, 2013). Therefore, much atten-
tion has been paid to a wide variety of biological and chemical
processes in tidal-ﬂats (Berelson et al., 1998; Asaeda et al., 2000;
Hasanudin et al., 2004), particularly to the function of tidal-ﬂat soils as
an effective ﬁlter and sink systems for land-born pollutants (Lunau et
al., 2006). When tidal-ﬂats receive land-born non-point pollution
sources such as organic carbon, nitrogen and phosphorous com-
pounds, tidal-ﬂat soils can efﬁciently control such substances through
physical settling and ﬁltration, chemical precipitation and adsorption,
and biological metabolic processes (Faulkner and Richardson, 1989;
Kadlec and Alvord, 1989).
The tidal-ﬂats in Korea have an area of 2489.4 km2, and 84.3%
of this area is located on her west coast (MOF, 2013). Compared
with 50 years ago, 36.3% of its area has decreased due to
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/csr
Continental Shelf Research
http://dx.doi.org/10.1016/j.csr.2014.04.018
0278-4343/& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
n Corresponding author. Tel.: þ82 28804645; fax: þ82 28733112.
E-mail address: hmro@snu.ac.kr (H.-M. Ro).
Continental Shelf Research 84 (2014) 35–42
reclamation project (Yoo et al., 2011), but the tidal-ﬂats are still
alive and their ecosystem functions are still considered important.
The tidal-ﬂats are broadly classiﬁed into sand-ﬂats, mixed ﬂats,
and mudﬂats depending on their soil (or sediment) texture. Sand-
ﬂats have the highest sand contents, while mudﬂats have the
highest percentage of silt and clay contents, and mixed ﬂats
represent an intermediate type (Beck et al., 2008).
In general, pore-size distribution and the permeability of soils
affect supplies of O2, organic carbon and other nutrients that are
necessary for microbial growth (Beck et al., 2008; Mills et al.,
2008) into the soils, and microbial mobility in the soil (Chapelle
and Lovley, 1990). Therefore, since soil texture affects N dynamics
mediated by tidal-ﬂat sediments, the dominant mechanism
between tidal-ﬂats of different soil texture by which NO3 removal
can occur would be different. However, despite the important role
of soil texture in controlling NO3 concentrations at tidal-ﬂat soils,
few attempts have been made to examine the textural effect on
the removal of NO3 in tidal-ﬂats. To our knowledge, most previous
studies have attempted on permeable sand ﬂats such as Wadden
tidal-ﬂat in Germany, since high pore-water velocity or high
sedimentation rate in permeable sand ﬂats enhances transport of
organic matter and electron acceptors for microbial activity into
deeper zone (Billerbeck et al., 2006; Beck et al., 2008, 2009; Deek
et al., 2012). Contrary to our expectations, however, relatively few
attempts have so far been made to predict N transport and
removal in tidal-ﬂats.
Advection is the dominant process by which water and solutes
move in highly permeable coarse-textured soils, whereas diffusion is
dominant in ﬁne-textured soils. In particular, advective ﬂow in tidal-
ﬂats is also driven by wave-related hydrostatic pressure oscillations
according to periodic tide. Precht and Huettel (2003) observed that
the main driving force for ﬂuid exchange between sandy sediments
and overlying water is the hydrostatic pressure gradients established
by the interaction of turbulent oscillating boundary-layer ﬂows with
sediments in wave-formed rippled tidal-ﬂat beds (Hay et al., 2012). In
addition, since mass transport in tidal-ﬂat soils is predominantly
governed by diffusion in ﬁne-textured tidal sediments, a longer
residence time of solutes in pore waters of tidal sediments could
allow greater chemical and biological interaction of solutes with
sediment components (Lennartz, 1999)
In recent years, progressive increases in wastewater nitrogen N
loadings to costal ecosystems have led to worldwide eutrophica-
tion problems (de Jonge et al., 2002). Fortunately, however, ﬂuvial
NO3 discharge to coastal tidal-ﬂats can be signiﬁcantly removed
by denitriﬁcation and assimilated into a microphytobenthos
(Cabrita and Brotas, 2000; Brandes et al., 2007). In general,
denitriﬁcation is favored by such conditions as the presence of
nitrate as a substrate, anoxic conditions and adequate carbon
sources (Knowles, 1982; Beauchamp et al., 1989). Of practical
importance is nitrate availability. Patel (2008) showed that deni-
triﬁcation at tidal-ﬂats appeared to be substrate-limited as ele-
vated concentration and availability of NO3 caused prompt
stimulations in the rates of accumulation of N2 in overlying waters
(ca. 10-fold). Because nitriﬁcation oxidizes ammonium to nitrite
and subsequently to nitrate as a substrate for denitriﬁcation
(Reddy et al., 1989), this coupled nitriﬁcation–denitriﬁcation
process in tidal-ﬂat facilitates net nitrogen removal, decreasing
the risk of environmental eutrophication (An and Joye, 2001).
Nitrate supply into the tidal-ﬂats soil proﬁles was affected by
permeability of tidal-ﬂat soils that is related mainly to soil texture
(Patel, 2008), and the rate of denitriﬁcation was maximal at inter-
mediate-permeability soils but negligible at high-permeability soils
(Cardenas et al., 2008). In permeable tidal-ﬂats, oxic region may reach
several centimeters deep in surface soils due to advective ﬂow
(Billerbeck et al., 2006). However, denitriﬁcation can occur consider-
ably even under oxic condition in permeable sea sediments due to the
adaptation of denitrifying bacteria to redox oscillation induced by
recurrent tides (Gao et al., 2010). A highly diverse community of
facultative denitriﬁers was analyzed in permeable marine sediments
of the northeastern Gulf of Mexico where advective pore-water
exchange facilitates deeper oxygen penetration (Mills et al., 2008).
Coastal tidal-ﬂats are well-known to contribute signiﬁcantly to
pollutants removal (Ramsar Convention Secretariat, 2013). Since the
tidal-ﬂat soils are texturally different, knowledge of transport and
removal pattern of nitrate in tidal-ﬂat sediments is a key prerequisite
for a site-speciﬁc management of land-born non-point N pollution
sources. To our knowledge, however, few attempts regarding the effect
of soil texture on the patterns of NO3 removal and transport in
texturally different tidal-ﬂat sediments have beenmade. Therefore, we
hypothesized that the permeability of tidal-ﬂats determined by soil
texture would cause a difference in residence time and percolation of
land-born N loadings in tidal-ﬂat sediments, thus indicating that the
dominant mechanisms for N removal should be different in texturally
different tidal-ﬂats. Here, we tested this hypothesis and interpreted
the effect of soil texture on the patterns of NO3 transport and removal
in coastal tidal-ﬂats by calculating mass balances and the Pêclet
numbers from the results of batch aerobic incubation and miscible
displacement experiments.
2. Materials and methods
2.1. Sampling sites and sample preparation
Two sampling sites were selected to introduce soil textural
effects on N removal and transport in saline coastal tidal-ﬂats:
Ganghwa (GH) and Saemangeum (SMG, aka Ariul) tidal-ﬂats.
While Ganghwa tidal-ﬂat soils, located on the west coast of Korea
(N 371 350 490 0, E 1261 300 54″), are texturally ﬁne, Saemangeum
tidal-ﬂat soil, located on the southwestern coast of Korea (N 351
410 48″, E 1261 330 10″), are coarse. Each tidal-ﬂat occupies the base
of the estuary formed at the mouth of Han River and Dongjin
River, respectively (Fig. 1).
Surface soils (0–20 cm) were collected from the intertidal zone
of each tidal-ﬂat using a soil auger in January 2009 and compos-
ited for the batch incubation experiment. The soil for batch
incubation experiment was air-dried at room temperature, passed
through a 2-mm sieve, and used for physical and chemical
analyses and batch incubation experiment (Table 1). At sampling,
undisturbed soil core samples (7.2 cm in inner diameter and
7.6 cm long) were collected in triplicate to determine average
saturated hydraulic conductivity (Ks) of each tidal-ﬂat soil for
interpreting the results of the column experiments, and intact,
undisturbed soil columns were collected in triplicate from each
tidal-ﬂat in January 2009 during low tides (depth of overlying
water was 0–5 cm). Each soil column was taken by inserting a
stainless steel cylinder (6.5 cm in inner diameter and 20 cm long)
into the tidal-ﬂat. The stainless steel columns were sealed to
prevent drying using a plastic tape and parafﬁn ﬁlm from the
bottom to the top, and stored in refrigerator at 4 1C to inhibit
biological activity before miscible displacement experiment.
2.2. Batch incubation experiment
Each 25 g (dry basis) of moist SMG and GH tidal-ﬂat soils was
individually transferred into 100 ml polyethylene bottles, and mixed
thoroughly with 25 ml of seawater brought from each tidal-ﬂat. Each
bottle was covered with a perforated aluminum foil to ensure gas
exchange, and the mixture was pre-incubated in triplicate at 2572 1C
for 7 days to restore microbial activity. Each pre-incubated soil mixture
was split into two groups to mimic two different hydraulic conditions:
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intertidal (I) and subtidal (S) conditions. During pre-incubation, the
mixture was maintained at saturation (0.61 m3m3 for GH soils and
0.43 m3m3 for SMG soils) with seawater for intertidal condition,
and was submerged under 0.03 m overlying seawater for subtidal
condition. During pre-incubation, hydraulic condition of the mixture
bottle was maintained by adding seawater to the bottles when
necessary. After pre-incubation, KNO3 was added at a rate of
140 mg N kg1 dry soil to each bottle and homogeneously mixed
with soil using a spatula.
The entire mixture bottles were incubated in darkness at
2572 1C for 30 days, and three bottles from each treatment were
sampled destructively at the desired time of incubation (0, 0.5, 1, 3,
7, 10 and 30 days after treatment). During incubation, adequate
amount of seawater was added when necessary to retain their
initial hydraulic conditions. At the desired time of incubation,
about 10 g of fresh soil (about 8 g on an oven-dry basis) was
extracted with 40 ml of 2 M KCl at a 1:5 soil-to-extractant ratio to
determine the concentrations of NH4þ-N and NO3-N in the soil
samples. Thirty milliliters of the extracts were added to distillation
ﬂasks and steam-distilled with MgO for NH4þ-N determination;
thereafter, the samples in ﬂasks were distilled again after addition
of Devarda's alloy for NO3-N determination (Keeney and Nelson,
1982). The liberated NH3 was collected into a H2SO4 solution, and
then titrated with a standard NaOH solution using an automatic
titrator (702 SM Titrino, Metrohm, Switzerland) for the determi-
nation of concentration of NO3-N.
2.3. Miscible displacement experiment
A Mariotte's bottle containing seawater was connected to the
lower end of the undisturbed soil column (Fig. 2) via a peristaltic
pump (Master ﬂex, 7519-25, USA), and the upper end of the
Table 1
Some physicochemical properties of Saemangeum (SMG) and Ganghwa (GH) tidal-
ﬂat soils used.
Soil properties Saemangeum (SMG) Ganghwa (GH)
Soil texturea Loamy sand (LS) Silt (Si)
Sand (g kg1) 717 23
Clay (g kg1) 3 8
Silt (g kg1) 280 969
Bulk density (Mg m3) 1.51 1.03
Ks
b (m h1) 9.68102 8.50104
pH (1:5) 8.4 8.0
Organic matter (g kg1) 0.3 20.3
CEC (cmol kg1) 5.8 20.7
Total N (g kg1) 0.13 1.05
Inorganic N (mg kg1) 7.4 23.3
NH4þ-N (mg kg1) 5.7 21.2
NO3--N (mg kg1) 1.7 2.1
a USDA scheme: sand (2–0.05 mm), silt (0.05–0.002 mm), clay (o0.002 mm).
b Ks: Saturated hydraulic conductivity determined by constant-head method
(Klute and Dirksen, 1986).
Fig. 2. A schematic diagram of undisturbed soil column.
Fig. 1. A map of the Saemangeum (SMG) and Ganghwa (GH) tidal-ﬂat sites.
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column was directed to the fraction collector (SMI, 12063, USA)
through an exhaust hose (Fig. 3). Each undisturbed soil column
was saturated with seawater from the bottom at a rate of
10 ml h1, and this ﬂow rate is equivalent to the Darcy's volu-
metric ﬂux of 14.5 cm d1 across the cross-section area of the
column under this saturated steady-state ﬂow condition. To make
this ﬂux, the hydraulic head was maintained at 0.7 cm for SMG
and 40.0 cm for GH tidal-ﬂat soils. During column experiment, the
pressure head at the lower end of the column was controlled by
the pressure exerted by the peristaltic pump, while that at the
upper end was maintained at the atmospheric pressure head.
When a saturated steady-state ﬂow condition was established
along the column after saturation, the solution containing each
40 mg of NO3-N and Br (a tracer) in seawater matrix was
injected as a pulse input (the Dirac's delta function) using a
peristaltic pump. Efﬂuents were collected at 2 h intervals using
fraction collector and analyzed to determine concentrations of
NO3-N and Br by a liquid chromatograph (ICS-3000, Dionex,
USA) to construct the breakthrough curves of NO3-N and Br .
After the cumulative ﬂow volume reached 6 pore volumes (PVs),
each soil column was dissected in 2 cm intervals. Each dissected
soil sample was analyzed for NO3-N determination following the
same procedure as used in the incubation experiment.
The experimental breakthrough curves under steady-state ﬂow
condition were analyzed using the following advection–dispersion
equation:
R
∂C
∂t
¼D∂
2C
∂z2
ν∂C
∂z
ð1Þ
where C is concentration, t is time, z is distance, R is retardation
factor, D is the dispersion coefﬁcient, and υ is the average pore
water velocity.
In this study, to interpret our experimental solute transport
data, we employed the model of Schulin et al. (1987) who
converted Eq. (1) into the following dimensionless form:
R
∂C
∂T
¼ 1
Pe
 
∂2C
∂x2
∂C
∂x
ð2Þ
where T is dimensionless time (pore volume), x is dimensionless
distance, and Pe is the column Pêclet number as follows:
x¼ z=L T ¼ vt=L¼ qt=θL ð3a;bÞ
R¼ 1þρk
θ
Pe¼ vL=D ð4a;bÞ
where L is column length, q is Darcy ﬂux, θ is the volumetric water
content, ρ is soil bulk density, k is the distribution coefﬁcient, v is
the average pore-water velocity, D is the dispersion coefﬁcient, R is
the retardation factor, and Pe is the Pêclet number.
The CXTFIT 2.1 numerical model (Toride et al., 1995) was ﬁt to
the experimental breakthrough data of Br to predict transport
parameters such as v, D, R, and Pe of the system.
3. Results and discussion
3.1. Patterns of nitrate removal from tidal-ﬂat soils during
incubation
As time progressed, concentrations of soil NO3-N decreased
during incubation for GH tidal-ﬂat soils with greater decrease under
subtidal condition than under intertidal condition, while those of soil
NO3-N for SMG tidal-ﬂat soils remained virtually the same irrespec-
tive of hydraulic treatments (Fig. 4). These incubation results clearly
showed that NO3-N removal was considerable for GH tidal-ﬂat soils,
but negligible for SMG tidal-ﬂat soils. In GH tidal-ﬂat soils, a
considerable decrease in soil NO3-N could be ascribed to denitriﬁca-
tion, since there was no possibility of NO3-N leaching during
incubation. Although several studies suggested that disimilatory
NO3 reduction to NH4þ (DNRA) and/or anammox caused consider-
able NO3-N removal in marine sediments (An and Gardner, 2002;
Kuypers et al., 2003; Dalsgaard et al., 2005), we could disregard their
contribution to NO3-N removal since the NH4þ-N concentration was
Fig. 3. A schematic diagram of the experimental setup for miscible displacement.
Fig. 4. Temporal variations in NO3-N concentrations during batch incubation. SMG
and GH denote Saemangeum and Ganghwa tidal-ﬂat soils, respectively. The letters I
and S denote intertidal and subtidal hydraulic conditions, respectively. Error bars
indicate7one standard deviation.
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maintained at a constant level (21.775.2 mg N kg1 soil) under
aerobic condition for GH tidal-ﬂat soils throughout incubation. From
the removal patterns of NO3-N (Fig. 4), the rate of denitriﬁcation in
GH tidal-ﬂat soils was calculated as 1.6 mg N kg1 soil day1 under
intertidal condition and 2.3 mg N kg1 soil day1 under subtidal
condition. These denitriﬁcation rates were converted per unit area
basis: 23.1 and 33.2 μmol Nm2 h1, respectively, and were in the
same range as those from previous studies working on Japanese
tidal-ﬂats (4.0–40.0 μmol Nm2 h1), the North Sea sediments (39.6–
82.8 μmol Nm2 h1), and Portuguese tidal-ﬂats (20.0–250.0 μmol
Nm2 h1) (Billen, 1978; Cabrita and Brotas, 2000; Patel, 2008).
For GH tidal-ﬂat soils, the rate of NO3-N removal was higher
under subtidal condition than under intertidal condition as a result of
more efﬁcient denitriﬁcation associated with more hypoxic condition
under overlying water. The redox potential of the tidal-ﬂat soils was
more negative under subtidal condition (930716 mV) than under
intertidal condition (523721 mV). Irrespective of hydraulic con-
dition, NO3-N disappearance was observed at the onset of incuba-
tion under oxic conditions. Nitrate-N loss by denitriﬁcation in the
presence of O2 was attributable to the adaptation of denitrifying
bacteria to recurrent tidally induced redox oscillations in the sedi-
ments (Mills et al., 2008; Gao et al., 2010). In contrast, even under
reduced conditions, denitriﬁcation did not occur in SMG tidal-ﬂat
soils having high hydraulic conductivities (9.68102 m h1) irre-
spective of hydraulic conditions (Fig. 4). The redox potentials were
598715 mV under intertidal conditions and 1012756 mV
under subtidal conditions. Because heterotrophic denitriﬁers require
carbon as an energy source, organic matter content (0.3 g kg1) in
the SMG tidal-ﬂat soils was too low to meet the energy requirements
(McGarity, 1961; Choi, 2007; Patel, 2008).
During the entire incubation, greater portion of NO3-N was
partitioned to the overlying water than to the soil for both SMG
and GH tidal-ﬂat soils (Table 2). Concentrations of NO3-N in the
soil, overlying water or both for SMG soils were not changed with
time, but gradually decreased for GH soils, indicating no net NO3-
N loss from the system for SMG soils and considerable reduction in
NO3-N by denitriﬁcation for GH soils. The incubation results
clearly showed that a portion of the NO3-N added to the overlying
water rapidly diffused into the soil matrix and was equilibrated
between the two matrices around the onset of incubation probably
due to rapid pore water exchange in SMG soils (Billerbeck et al.,
2006; Cabrita and Brotas, 2000).
In contrast, for ﬁne-textured GH soils, concentrations of NO3-N in
the soil, overlying water or both decreased with time. As denitriﬁca-
tion progressed, a portion of the NO3-N in the soil was denitriﬁed
and the substrate NO3-N was subsequently transported from the
overlying water along the concentration gradients. However, the
ratio of the NO3-N partitioning between the soil and the overlying
water column was maintained almost constant throughout the
incubation period. A ratio of the NO3-N in the overlying water to
soil NO3-N concentration (RWS) was maintained almost constant
(4.81), and this was attributable to a proportional NO3-N decrease in
both matrices. For comparison, the RWS was calculated as 4.70 for
SMG tidal-ﬂat soils. From a mass balance of NO3-N in both systems,
most of the amount of the NO3-N added was retained in SMG soils,
while a considerable amount of the NO3-N was removed in GH soils
as a result of denitriﬁcation, indicating that NO3-N removal mechan-
ism would be different depending on soil texture of the tidal-ﬂats,
even though NO3-N removal through the tidal-ﬂats seemed to be
effective (Canion et al., 2013).
Table 2
Temporal variations in NO3-N concentration of the overlying water and the tidal-ﬂat soils during aerobic incubation under subtidal hydraulic conditions.
Sites NO3-N (mg kg1)
Incubation periods (days)
0.5 1 3 7 10 20 30
Saemangeum (SMG) Soil 34.5 31.6 24.9 20.6 20.1 22.6 19.6
Overlying water 99.5 108.0 118.8 111.5 112.4 112.7 114.2
Total 134.0 139.6 143.7 132.1 132.5 135.3 133.8
Ganghwa (GH) Soil 26.9 23.7 17.3 8.8 9.8 7.9 9.1
Overlying water 104.0 92.5 81.1 60.8 45.9 40.6 40.5
Total 130.9 116.3 98.4 69.7 55.7 48.5 49.6
Fig. 5. The breakthrough curves of NO3-N and Br measured in (a) SMG tidal-ﬂats
and (b) GH tidal-ﬂats.
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3.2. Miscible displacement patterns of nitrate through undisturbed
soil columns
3.2.1. Breakthrough curves of NO3
-N and Br (a conservative
tracer)
The transport of NO3-N and Br (a conservative tracer), via
steady-state saturated ﬂow, through undisturbed soil columns
from two texturally contrasting tidal-ﬂat soils was different
(Fig. 5). The mobility of NO3-N was similar to that of Br in both
tidal-ﬂat soils, but the shape of the BTCs was different between
SMG and GH tidal-ﬂat soils. The BTCs of NO3-N and Br were
nearly identical and followed a virtually typical Gaussian distribu-
tion (the peak concentration¼246.80 mg N kg1) that started at
0.5 PVs and was situated at the center (1.1 PVs) along the domain
of solute plumes in SMG tidal-ﬂats, indicating almost no retarda-
tion of both solutes during their transport (Fig. 5a), while those
obtained for GH tidal-ﬂats were asymmetrical (non-Fickian trans-
port) (Fig. 5b).
In other words, the breakthrough of both solutes in GH soils
was earlier than that in SMG soils and both BTCs were anomalous
with long late-time tails (a scale-dependent broadening of the
domain of the solute plumes). Zhang et al. (2007) explained early
breakthrough in BTCs by the existence of networks of large
channels and/or pores that allows preferential ﬂow paths, while
Kosakowski (2004) showed that anomalous long late-time tails are
caused by a complex interaction of advection and diffusion of
solutes with the mobile phase in the adjacent porous matrix. It is
well-known that the greater the retardation of solute transport
occurs the more obvious tailing is observed (Chen et al., 2007).
Preferential ﬂow that enhances solute transport may occur in the
presence of structural cracks, wormholes, plant-root channels and
other high conductive paths form the network for preferential
ﬂow (Camobreco et al., 1996; Steenhuis et al., 1995) and its initial
ﬂow rate is especially rapid (Camobreco et al., 1996). In particular,
after their ﬁrst appearance at 0.3 PVs, concentrations of NO3 and
Br in GH soils curvilinearly reached their maximum values just
behind the 0.5 PVs, yet thereafter the BTC of Br became ﬂattened
until 1.0 PVs and then declined gradually while that of NO3 was
lowered rapidly to a trace level at 1.5 PVs (Fig. 5b). Differences in
elution patterns between NO3-N and Br clearly showed that
considerable amounts of NO3-N were lost during transport, and
this reduction in NO3-N was attributable primarily to denitriﬁca-
tion (see Fig. 4).
To interpret the BTCs results, transport parameters (dispersion
coefﬁcient, average pore-water velocity, retardation factor, and Pêclet
number) for miscible displacement systems under steady-state
saturated ﬂow conditions were predicted by ﬁtting the CXTFIT model
to the observed Br breakthrough curves (Table 3). The earlier
arrivals of the BTC of Br (a non-reactive tracer) in GH tidal-ﬂats
were more ﬂattened with long-late tails (retardation) than those in
SMG tidal-ﬂats (a typical Gaussian distribution without retardation),
and this phenomenonwas well explained by its slower average pore-
water velocity (4.5103 m h1) and greater dispersion coefﬁcient
(18.4104 m2 h1) that led to higher retardation (R¼1.4) in GH
tidal-ﬂats.
For comparison, the average pore-water velocity was calculated as
6.7103 m h1, the dispersion coefﬁcient as 2.9104 m2 h1,
and the retardation factor as 1.1 for SMG tidal-ﬂats. It is well-
established that the retardation factor calculated from soil column
experiments depends on the pore-water velocity and column dimen-
sion (Relyea, 1982). For short soil columns, high pore-water velocities
can decrease the effective pore volume and therefore result in lower
retardation factors, since the travel-time is not enough to achieve
chemical equilibrium between the solutes and their surrounding
environments. The Pêclet number is used to indicate and interpret
the relative importance of advective and dispersive transport:
dispersion-dominant transport, dispersive–advective transport,
advection-dominated transport, and pure advection. The Pêclet
number of Br in seawater matrix was calculated as 45.03 for SMG
and 4.93 for GH tidal-ﬂats. Higher Pêclet number indicates domi-
nance of advection over dispersion, and vice versa (Table 3). In
this study, the hydraulic head exerted on the SMG soil column was
0.7 cm, and this pressure is believed to be high enough to simulate
high tide at the tidal-ﬂats in the western coast of Korea (Billerbeck
et al., 2006).
3.2.2. Nitrate removal during saturated steady-state ﬂow
While the unaccounted-for portion of added Br at the end of
miscible displacement experiments was negligible (less than 2%)
for both tidal-ﬂats, that of added NO3-N was slight (6.8%) for SMG
tidal-ﬂats and considerable (65.2%) for GH tidal-ﬂats (Table 4).
From a mass balance of NO3-N, nearly all of the added NO3-N
(38.8 mg) was recovered in the efﬂuents with a slight unaccoun-
ted-for portion (2.8 mg) in the coarse-textured SMG tidal-ﬂat
system, indicating the possibility of an intense off-shore NO3-N
discharge (leaching) from the tidal-ﬂats. In contrast, a considerably
large amount (27.0 mg) of added NO3-N was not recovered in the
ﬁne-textured GH tidal-ﬂat system but nearly one-third (13.5 mg)
was recovered in the efﬂuents, and this phenomenon strongly
suggested that denitriﬁcation dominates much over off-shore
discharge in NO3-N removal from the tidal-ﬂats. The rate of
denitriﬁcation calculated from the displacement results was
3.6 mg N kg1 soil day1 for the GH tidal-ﬂat system, and this
value was ten-fold higher than that obtained for the SMG tidal-ﬂat
system (0.38 mg N kg1 soil day1). The differences in nitrate
removal patterns between two texturally contrasting tidal-ﬂats
clearly showed that dominant mechanism for NO3-N removal
was different depending on soil texture. Evidently, off-shore
NO3 discharge is the dominant N removal mechanism for coarse-
textured tidal-ﬂats, while denitriﬁcation dominates in ﬁne-textured
tidal-ﬂats.
On the contrary, another line of studies reported that denitri-
ﬁcation contributed much to NO3-N removal in permeable sandy
tidal-ﬂats (SMG tidal-ﬂats herein) due probably to advection-
enhanced pore-water exchange (Gao et al., 2012; Gihring et al.,
2010). It is well-known that organic carbon content, the substrate
level, time of residence and the abundance of denitrifying bacteria
affect the extent of denitriﬁcation in various ecosystems. However,
no disappearance of NO3-N during incubation (Table 2 and Fig. 4)
and high NO3-N recovery with high Pe (Table 3) during miscible
displacement (Fig. 5) clearly provided supporting evidence of
negligible denitriﬁcation in permeable sandy tidal-ﬂats such as
SMG tidal-ﬂats.
Denitriﬁcationwas greater in GH tidal-ﬂats than in SMG tidal-ﬂats
(see Fig. 4 and Table 4), and this phenomenon can be explained by
interpreting the displacement results with regard to the prediction of
transport parameters (Table 3). The distribution coefﬁcient (Kd) of
NO3 between stationary and mobile domains can be calculated from
Table 3
Transport parameters predicted for SMG and GH tidal-ﬂat soil systems using the
numerical solute transport model (CXTFIT).
Sites Porosity va (m h1) Db (m2 h1) Rc Ped r2
Saemangeum (SMG) 0.43 6.7103 2.9104 1.1 45.03 0.99
Ganghwa (GH) 0.61 4.5103 18.4104 1.4 4.93 0.93
a v: average pore-water velocity.
b D: dispersion coefﬁcient.
c R: retardation factor.
d Pe: Pêclet number.
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the retardation factor, bulk density, saturated volumetric soil water
content using the Eq. (4a). The distribution coefﬁcients of NO3 was
calculated as 0.24 Mgm3 for GH tidal-ﬂats and as 0.03 Mgm3 for
SMG tidal-ﬂats, and this means that the GH tidal-ﬂats having greater
retardation factor and distribution coefﬁcient provided longer resi-
dence time and more chances of NO3 for denitriﬁcation (Dettmann,
2001). The limited number of Kd values determined for NO3 is
available in the literature, ranging from 1.3 to 5.9 Mgm3 (Cantrell
et al., 2003), although it is not adsorbed onto soil particles due to its
negative charge. Joye and Paerl (1993) reported that denitriﬁcation
dominates at subtidal sites while N2-ﬁxation dominates at the
intertidal sites because of the apparent disparities in the texture of
the tidal-ﬂats, organic carbon content, and inorganic nutrient load-
ings. The Pêclet number calculated from the transport characteristics
obviously revealed that solute transport was advection-dominant in
SMG tidal-ﬂats and dispersion-dominant in GH tidal-ﬂats, and our
results obviously showed that soil texture of the tidal-ﬂats deter-
mines the patterns of NO3-N removal in the coastal marine
ecosystems.
4. Conclusions
We addressed the hypothesis that permeability of tidal-ﬂats
determined by soil texture causes a difference in residence time
and percolation of land-born N loadings through tidal-ﬂat sedi-
ments, indicating that the dominant mechanisms for nitrate
removal should be different in texturally different tidal-ﬂats. Here,
we tested the hypothesis by examining the effect of the texture on
the patterns of NO3-N transport and removal through batch
incubation and miscible displacement experiments, and inter-
preted the results by predicting the transport characteristics from
the ﬁt with the CXTFIT model. We showed that NO3-N disap-
pearance by denitriﬁcation was negligible for SMG soils, but was
considerable for GH soils. The BTCs of NO3-N and Br clearly
showed that solute transport was retarded in GH tidal-ﬂats while
not in SMG tidal-ﬂats, and this was supported by the transport
parameters calculated in both systems. Mass balance of NO3-N
corroborated the phenomenon that considerable NO3-N loss was
due to off-shore NO3-N discharge in SMG tidal-ﬂats and was due
to denitriﬁcation in GH tidal-ﬂats. Differences in the Pêclet
numbers between the two tidal-ﬂat systems evidenced that
NO3-N transport is advection-dominant in coarser tidal-ﬂats
while dispersion is dominant process in ﬁner tidal-ﬂats. Obviously,
the patterns of NO3-N removal were different in texturally
contrasting tidal-ﬂats and a dominant mechanism of NO3-N
removal was denitriﬁcation in GH tidal-ﬂats while off-shore
NO3-N discharge was dominant in SMG tidal-ﬂats, suggesting
that NO3-N removal characteristics of tidal-ﬂats should be pre-
determined for site-speciﬁc management of waste water N load-
ings to coastal water systems.
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